Abstract: Sclerotinia trifoliorum is an important pathogen of forage legumes and some grain legumes. Attempts to study its population biology using microsatellite markers developed for Sclerotinia sclerotiorum and Sclerotinia subarctica resulted in no amplification or low levels of polymorphism. This study reports the development and characterization of 33 microsatellite loci developed from a microsatellite-enriched library of S. trifoliorum. Based on a population of 42 isolates of S. trifoliorum, these microsatellite markers are highly polymorphic, with a mean of 6.5 alleles per locus (range 3-12) and a mean expected heterozygosity of 0.63 (range 0.26-0.9). Based on locations of these marker sequences in the S. sclerotiorum genome, these microsatellite loci are dispersed throughout the genome. However, 50% (265 of 528) of pairwise comparisons of the 33 microsatellite loci had significant linkage disequilibrium, which could be explained by the mixed mating systems (homothallism and heterothallism) and clonal reproduction of S. trifoliorum. Thirty of the 33 loci were successfully applied to S. sclerotiorum, and 28 loci were polymorphic. However, only 10 loci are applicable to Sclerotinia minor and 1 locus to Sclerotinia homoeocarpa. These markers are therefore useful for population structure assessment, QTL mapping, and ecological analyses in S. trifoliorum and potentially in other Sclerotinia species.
Introduction
Sclerotinia trifoliorum is 1 of the 3 most economically important species of the genus Sclerotinia. The pathogen causes crown and stem rot of forage legumes such as alfalfa (Medicago sativa L.), red clover (Trifolium pratense L.), and white clover (Trifolium repens L.), as well as several other legumes (Kohn 1979) . Recently S. trifoliorum was shown to infect chickpea (Cicer arientinum L.), causing widespread epidemics (Njambere et al. 2008) .
Despite the economic importance of the pathogen, very little is known about the genetic diversity of S. trifoliorum. Likewise, no specific molecular markers have been developed for this pathogen. Microsatellites markers have been very informative in studying genetic diversity and population biology of the sister species Sclerotinia sclerotiorum (Sirjusingh and Kohn 2001) and other fungi because of their abundance in the eukaryotic genome, codominance, and multiallelic nature. Moreover, polymorphism at microsatellite loci can be efficiently assessed using PCR. Allelic diversity at microsatellite loci is caused by variation in the number of repeats of the microsatellite motifs, probably caused by polymerase ''slippage'' and a lack of repair during DNA replication (Field and Wills 1996) .
The benefits accruing from these markers prompted us to search for microsatellite markers applicable to S. trifoliorum. Sirjusingh and Kohn (2001) developed 24 polymorphic microsatellite markers for S. sclerotiorum, of which 12 could cross-amplify S. trifoliorum. Our attempts to use these markers resulted in only 1 polymorphic locus. Further attempts to amplify S. trifoliorum using microsatellites developed for Sclerotinia subarctica (Winton et al. 2007) resulted in no amplification, unspecific priming, or no polymorphism at all. This study was therefore initiated to develop microsatellite markers suitable for S. trifoliorum.
Specifically the objectives of this study were to (i) develop and characterize microsatellite markers for S. trifoliorum, (ii) determine their transferability to related species, and (iii) estimate their resolving ability to genotype isolates of S. trifoliorum.
Materials and methods
A microsatellite-enriched DNA library was constructed from genomic DNA of strain 06CWM-E10 of S. trifoliorum isolated from a diseased chickpea plant. Total DNA was extracted from sclerotia of isolate 06CWM-E10 and all other isolates used in this study using a FastDNA kit (Chen et al. 1999) . Two micrograms of DNA was digested to completion with RsaI and size-fractionated by electrophoresis in a 1% agarose gel. The DNA fragments of approximately 500 bp were excised and isolated from the gel, ligated to SuperSNX linker sequence (which is highly efficient for size selection of fragments), and amplified using the forward SuperSNX sequence as a primer (Hamilton et al. 1999) . Amplified fragments that contained short tandem repeats were hybridized with 3'-biotinylated microsatellite oligonucleotides and captured on Dynabeads M-280 (Invitrogen, Carlsbad, CA). The bound DNA was eluted from the magnetic beads and again amplified by PCR using the forward SuperSNX linker as a primer (Glenn and Schable 2005) . The resulting microsatellite-enriched PCR products were purified using Sephadex columns, cloned with TOPO TA vector (Promega, Madison, Wis.), and screened for recombinant plasmids using blue-white selection. Clones with inserts (white colonies) were randomly selected, and plasmid DNA of the selected clones was sequenced. Locus-specific primer pairs flanking the microsatellite repeat motifs were designed using the software Primer 3 version 0.3.0 (http://primer3.sourceforge.net.
The primer pairs were initially tested and screened on 8 isolates of S. trifoliorum obtained from diseased chickpea and alfalfa plants in California and Washington states and identified to species based on rDNA sequences and presence of group I introns, as described by Njambere et al. (2008) . PCR was performed in a 20 mL reaction volume containing 4 mL (10 ng) genomic DNA, 1Â PCR buffer, 1.5 mmol/L MgCl 2 , 200 mmol/L dNTPs, 0.5 mmol/L of each forward and reverse primer, 0.05 mmol/L infrared (IR)-labeled universal M13 primer, and 0.5 U Taq polymerase. The thermal cycling parameters were as follows: an initial 5 min denaturation at 95 8C, followed by 35 cycles of 95 8C for 30 s, 45 s at respective annealing temperatures as indicated in Table 1 , and 45 s at 72 8C, with a final extension of 30 min. A 10 mL sample of the PCR products was run in a 10% precast polyacrymide gel (Bio-Rad Laboratories, Hercules, Calif.) in 1Â TBE to detect amplification visually under ultraviolet light. To precisely estimate product sizes, the IR-labeled PCR products was diluted at 1:12, denatured, and 1 mL of the dilution was run in a 6.5% denaturing polyacrylamide gel on the LiCor 4300 sequencer. The microsatellite loci that were polymorphic in S. trifoliorum were further tested for their applicability on 3 other closely related species (4 isolates of S. sclerotiorum, 5 isolates of Sclerotinia minor, and 6 isolates of Sclerotinia homoeocarpa) using the same PCR conditions as described previously. Final allele size determinations for all loci were performed on a LiCor 4300 sequencer, using an M13 fluorescent labeling protocol (Schuelke 2000) . The forward primer with the universal M13 tail at the 5'-end and an addition third primer, IR-labeled universal M13 primer, were included in the reaction. Each isolate was repeated once for allele size determination.
To test the applicability of the microsatellite loci in studying genetic diversity of S. trifoliorum, the microsatellite markers were applied to 34 additional isolates of S. trifoliroum. All the S. trifoliorum isolates were identified to the species level as previously described (Njambere et al. 2008) . PCR conditions and allele size determination were as described previously. The software ARLEQUIN (Schneider et al. 2000) was used for all the genetic analysis, and MultiLocus 1.3 (Agapow and Burt 2001) was used for analyses of genotypic diversity and linkage disequilibrium. The resolving power of microsatellite markers was estimated by plotting the percentage of genotypes identified versus the number of loci using MultiLocus 1.3. Loci were randomly sampled 1000 times during the analysis. Furthermore, genomic locations were predicted and assigned by performing a BLASTN search of the S. trifoliorum microsatellite loci sequences against those of the S. sclerotiorum genome database at http://www.broadinstitute.org/annotation/genome/ sclerotinia_sclerotiorum/MultiHome.html. Expected heterozygosity (H E ). c Predicted genome location based on genome sequence of Sclerotinia sclerotiorum. The digit or letter represents the linkage group, while the digits in parentheses represent the super contig number. Clone sequences were used to find the homologous super contigs and the linkage groups, even though in some instances we could not find the primer sequences in the homogous region, despite good amplicons (not sequenced) in S. sclerotiorum. d
Results and discussion
The cloning of the microsatellite-enriched library efficiently generated more than 300 positive clones based on blue-white selection. A total of 60 positive clones were randomly selected for sequencing. Four clones resulted in poor or unreadable sequences, and 3 clones had the repeat region too close to an end of the insert sequences. The remaining 53 clones contained 56 microsatellite repeat motifs with flanking sequences suitable for primer design. PCR amplification using the designed primers showed that 33 of the 56 loci were polymorphic in S. trifoliorum (Table 1 ; Fig. 1 ). When applied to S. sclerotiorum, 30 of the 33 markers gave positive amplifications, and 28 of them were polymorphic (Fig. 1) . Ten of the 33 microsatellite markers gave positive amplifications in S. minor, and only 1 marker was polymorphic. Thirty-two of the 33 markers did not amplify any DNA of S. homoeocarpa, and the remaining marker (ST4-1) was monomorphic (Table 2 ). Microsatellite markers developed for S. sclerotiorum were not transferable to S. trifoliorum, but those for S. trifoliorum were readily applicable to S. sclerotiorum and to some extent to S. minor. Hence, the transferability is not reciprocal. This may suggest that S. trifoliorum shares only part of the genome of S. sclerotiorum. Transferability is a common phenomenon and has been observed in related species of Fusarium graminearum (Vogelgsang et al. 2009 ) and Botrytis cinerea (Fournier et al. 2002) . Thus the transferability of microsatellite markers is a measure of phylogenetic relatedness. The inability to transfer S. trifoliorum microsatellite markers to S. homoeocarpa suggests that S. homoeocarpa is distantly related to Sclerotinia species or may not be a true species of genus Sclerotinia, supporting the ongoing debate of reclassification of S. homoeocarpa (Powell and Vargas 1999) .
To test the usefulness of these microsatellite markers, they were applied to a total of 42 isolates of S. trifoliorum. The number of alleles per locus ranged from 3 to 12 (with a mean of 6.5), and the expected heterozygosity (H E ) ranged from 0.26 to 0.9 (mean 0.63). The high level of polymorphism suggests that a small set of selected markers should be sufficient to solve genetic identity among isolates of S. trifoliorum. This is supported further by the resolution power of the microsatellite loci by examining the relationship between the proportion of genotypes identified against the number of loci (with 1000 randomizations). Permutation tests showed that 3 microsatellite loci could detect 50% of the genotypes, and application of 7 loci could discriminate about 95% of the genotypes (Fig. 2) . It is interesting to note that Delmotte et al. (2002) reported that 5 microsatellite loci -12  ++  --ST4-13  ++  +  -ST4-15  ++  --ST4-16  ++  --ST4-19  ++  +  -ST4-20 ++ --Note: -, no amplification or inconsistent PCR product; +, amplification; ++, amplification and polymorphic locus.
could resolve 94%-100% of genotypes of sexual populations of an aphid, but 7 loci were needed to resolve all the genotypes in asexual populations.
Pairwise comparisons of linkage disequilibrium for all 33 loci revealed 265 of the 528 (50%) pairs of microsatellite had significant linkage disequilibrium. This is not unexpected in S. trifoliorum, which is a haploid fungus exhibiting mixed mating systems (homothallism and heterothallism) as well as clonal reproduction of sclerotia (Uhm and Fujii 1983) . However, assuming the sequences of the microsatellite loci of S. trifoliorum are homologous to those of S. sclerotiorum, BLAST searching using sequences of microsatellite loci as a query of the S. sclerotiorum genome revealed that 28 of the 33 loci had corresponding loci in the S. sclerotiorum genome and were dispersed throughout the genome (Table 1) . It is reasonable, therefore, to assume that most of the microsatellite loci are not physically linked. Thus the high levels of linkage disequilibrium among the loci were due to clonal reproduction or strict homothallism.
In conclusion, these 33 polymorphic microsatellite markers provide new tools for population genetics studies, QTL mapping, and ecological analysis of S. trifoliorum, and possibly other Sclerotinia spp., as well as for inferring phylogenetic relationships in Sclerotinia. 
